INTRODUCTION
Semiconductor nanowires (NWs) exhibit unique physical properties as a consequence of their confined dimension, the diameter. Besides, the presence of heterojunctions (HJ) is necessary for building up electronic and optoelectronic nanodevices. [1] [2] [3] [4] Among all the possible heterostructured NWs, those based on Si are especially interesting because of its useful properties for solar applications, versatility, and the possibility of their integration with the already existing Complementary Metal Oxide Semiconductor (CMOS) technology. According to this, a great variety of Si NW based devices has been produced, e.g., Si NW near-infrared photodetectors 5 or double-gated Si NW FET sensors. 6 On the other hand, III-V semiconductors present higher values of the carrier mobility and improved optical properties with respect to their group IV counterparts, thus making up for Si drawbacks. The integration of Si/III-V heterostructures in a single NW would allow combining the advantages of both Si and III-V semiconductors with the unique optical properties of semiconductor NWs. [7] [8] [9] [10] [11] III-V semiconductor NWs are being extensively investigated for its possible applications on nanowire solar cells 12, 13 and light sources, including lasers. [14] [15] [16] [17] [18] There are excellent studies of InP NWs, based on their optical properties and resonances, 19 and its high efficiency as solar cells. 20 Also, as an
In previous works, we reported the enhancement of the Raman signal at the heterojunction of axially heterostructured Si/SiGe nanowires. 22 We demonstrated that the enhancement effect appears as a result of the interaction between the incident electromagnetic (EM) field and the dielectric discontinuity at the heterojunction. 23, 24 According to this, the EM enhancement effect is expected to appear in any kind of axially heterostructured NW. In this work, we will study the electromagnetic behavior of heterostructured Si/ InAs NWs using micro-Raman spectroscopy as a probe of the EM field inside the NW. A theoretical framework of the problem is established by solving the Maxwell equations of the light/NW system by Finite Element Methods (FEM). Finally, the results of the simulations are contrasted with the micro-Raman experiments.
EXPERIMENTAL AND SAMPLES
The Si/InAs heterostructured NWs were fabricated with an ion implantation and a flash annealing procedure, similar to the one presented in Ref. 4 . The 〈111〉 oriented Si NWs were epitaxially grown on Si (111) substrates by applying the goldcatalyzed vapour-liquid-solid (VLS) method. After removal of gold by wet chemical etching, approximately 20 nm SiO 2 was deposited on the NWs by plasma enhanced chemical vapour deposition, acting as a protecting layer for the following steps. In order to achieve homogeneous implantation profiles along the NWs, samples were placed on a 45°tilted and continuously rotating stage during the ion implantation. In and As ions were implanted alternatingly with an energy of 120 keV and 90 keV, respectively. The recrystallization along with the phase separation and formation of Si/InAs heterostructures within the NW core was finally achieved by applying a 20 ms flash lamp annealing step with a flash energy of about 50 J/cm 2 . The NW morphology and structure were studied in a high-resolution Field Emission Scanning Electron Microscope (FESEM). Heterostructured NWs appear as straight cylinders with slight tapering. The InAs segment is shorter than the Si segment, namely, 200-500 nm vs 3-4 μm. Energy-Dispersive X-ray Spectroscopy (EDS) was used to determine the NW composition, revealing that the brighter regions in the SEM micrographs are indeed InAs, while the darker contrast segment consists of Si, as expected from different atomic numbers (see Fig. 1 ).
Raman spectra profiles along the axes of several Si/InAs NWs were obtained in order to study the effect of the heterojunction on the Raman signal. The laser excitation was performed with a continuous wave frequency doubled Nd:YAG laser (532 nm) going through a 100× objective; this gives a laser spot of ∼1 μm. The maximum laser power was 450 μW (∼14 kW/cm 2 ), and non-linear effects are not detected at this power level (although they might appear for higher power). During the Raman measurements, the NWs are lying over an Al coated Si substrate, so the excitation beam is always perpendicular to the NW axis and the substrate. The laser polarization is always parallel to the NW axis in order to record the maximum Raman signal. The Raman spectra were recorded along the NW axis in steps of 200 nm. Further details about the experimental method followed for the characterization of the heterostructured NWs can be found elsewhere. 22, 23 The typical Raman spectrum of these NWs when the HJ is being excited by the laser beam will contain the Raman bands of both crystalline Si and InAs ( 
RESULTS
We acquired the Raman profiles along the axis of several Si/InAs NWs. Then, the intensities of the different Raman bands were extracted from each spectrum. This allows visualizing the dependence of the Raman signals as a function of the laser beam position along the NW. Two examples of the Raman intensity profiles are shown in Fig. 3 , corresponding to two different Si/InAs heterostructured NWs.
Both profiles show that the Raman intensities arising from the Si segment are enhanced when the HJ region is illuminated by the laser beam, giving enhancement factors of 25 and 10 times, respectively. This enhancement factor is calculated as the ratio between the maximum Raman intensity recorded next to the HJ, with respect to the one recorded on the homogeneous Si segment of the NW. This proves that the enhancement effect is also present in Si/InAs heterostructured NWs, in spite of some differences with respect to the same effect observed in Si/SiGe NWs previously studied. 11, 12 In the case of SiGe/Si heterostructured NWs, Si and Ge are both non-polar semiconductors, and the SiGe alloy is stable for any Si/Ge ratio. The full miscibility of Ge and Si and its high solubility in the catalyst metal are responsible for the graded HJs extending several tens of nanometres depending on the NW diameter. 26 The SiGe/Si heterojunction is not abrupt, but a continuous transition between the compositions of the two NW segments constitutes the heterojunction. Therefore, one can associate a certain volume of the material to the HJ region itself, which is chemically recognizable, and the Raman signal arising from this volume forming the HJ permitted to study the true local field enhancement (intensity per unit scattering volume). This situation does not apply to Si/InAs NWs, because the immiscibility between polar InAs and non-polar Si makes the Si/InAs heterojunction atomically abrupt. 27 For this reason, one cannot extract a spectrally differentiated signal arising from the HJ itself; however, the EM enhancement effect is clearly observed around the HJ in the profiles of Fig. 3 . The Raman intensity of Si is strongly enhanced in the region of the Si NW segment adjacent to the heterojunction. The true EM enhancement per unit scattering volume is difficult to estimate, because of the limited spatial resolution of the micro-Raman probe. However, the increase of the Raman intensity around the HJ can be unambiguously appreciated in Fig. 3 . It is important to note that any effect of the electronic states or resonance with the bandgap energy has been ruled out. This is because Si and InAs bandgaps are in the IR and far-IR regions, respectively, and the band alignment between both of them is type II. 28 As a result, any possible interaction between carriers will need both a change in momentum and position, which will drastically reduce its efficiency.
The experimental results have been contrasted with the EM field calculated by FEM simulations. The Maxwell equations were solved for the substrate/NW system; the FEM calculation provides us with the distribution of the electric field intensity, |E| 2 , inside the NW. A more detailed explanation of the developed FEM model can be found in previous papers. 22, 23 There are two main differences in Si/InAs heterostructured NWs with respect to Si/SiGe heterostructured NWs. First, as we mentioned, the axial heterojunctions for both types of NWs are different, graded for SiGe/Si and abrupt for InAs/Si. Second, InAs presents much higher dielectric losses (imaginary part of the refractive index, k) than Si or the SiGe alloy for light in the visible range (Table I) The main results of the simulations are summarized in Fig. 4 . The solution of the Maxwell equations provides the distribution of the EM field inside the NW. Figure 4(a) shows the volume distribution of the relative EM field intensity on the NW and its environment when the laser beam is focused on the HJ. The relative EM field is defined as the value of the EM field divided by the incident field, |E| 2 /|E inc | 2 . Figure 4 (b) shows the distribution of the same magnitude along the NW axis. We can see that the effect of the higher dielectric losses on the InAs side consists of a marked reduction of the EM field intensity with respect to the Si side next to the HJ. It explains the low InAs Raman signal detected on the experimental measurements, even next to the heterojunction. On the other hand, we can see the enhancement and localization of the incident field on the Si side. The EM field is enhanced by more than 3 times in a small region of about 300 nm, close to the heterojunction. One can establish here an estimation for the dimension of the NW region where the EM enhancement takes place; therefore, one can estimate the Raman intensity per unit volume to bring up the true EM enhancement at the HJ. Figure 4(c) presents the theoretical Raman intensity, which should be proportional to the excitation field intensity, i.e., |E| 2 . This value is obtained from the simulation by varying the laser beam position along the NW axis and integrating on each of the NW segments. We can see that the intensity of the Si signal is enhanced when the laser beam approaches the HJ as compared to the calculated intensity obtained when illuminating the homogeneous Si segment. These results are in very good agreement with the experimental measurements of Fig. 3, both showing the enhancement of the Si Raman signal as a consequence of the illumination of the Si/InAs HJ by the focused laser beam. 
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Finally, it is worth noting that the exact calculation of the experimental enhancement is difficult for two main reasons. First, the enhancement depends on the NW diameter. According to this, the response of a pure Si NW has been investigated. Figure 5 shows the average relative electric field inside a homogeneous Si NW as a function of its diameter. Si/InAs heterostructured NWs present a slight tapering (see Fig. 1) ; as a result, the diameter of the homogeneous Si segment becomes larger as it moves away from the HJ. Near the HJ, the NW diameter is around 100-120 nm, which coincides with a diameter resonance of Si (see Fig. 5 ). However, the NW diameter increases as we move away from the HJ, slightly deviating from the diameter resonance peak. This would explain the higher experimental values of the enhancement as compared to the homogeneous segment signal. The ratio between the two regions of Fig. 5 has a mean value of 5, which accounts for the observed difference between the experimental and theoretical values (a maximum value of 10 could be obtained when the diameter coincides exactly with the maximum of the resonance). On the other hand, the NW is not homogeneous, and it is covered by a SiO 2 outer shell, making the exact determination of the diameter even more difficult.
CONCLUSIONS
The Raman intensity is enhanced on the heterojunction of axially heterostructured Si/InAs NWs. The observation of this effect on different axially heterostructured NWs formed by different materials accounts for the description of this phenomenon as an EM effect associated with the dielectric discontinuity at the heterojunction. However, the detailed behavior of the EM enhancement effect strongly depends on the materials forming the HJ and the structure of the HJ itself. In the case of Si/SiGe NWs, the enhancement was detected on the signal arising from the HJ itself, which has a finite dimension. Alternatively, in Si/InAs NWs with abrupt HJs, the electromagnetic enhancement is observed in the region of the Si segment right next to the HJ. Note that the same effect also appears in the InAs side, but the high dielectric losses and reduced length of the InAs segment do not allow us to see the effect as clear as in the Si side. Both experimental and theoretical profiles of the EM field intensity along the NW show a higher intensity of the Si signal in the immediate vicinity of the HJ. The existence of this effect and its observation on very different materials suggest the possibility of detecting similar effects on other nanostructured systems with HJs. Finally, the enhanced absorption/scattering at the HJs in axially heterostructured NWs and its dependence with the NW composition and structure open interesting ways of photon handling using complex heterostructured NWs, with application in photon detection and photovoltaics, among others.
FIG. 5.
Dependence of the mean value of the relative electric field intensity inside a pure Si NW as a function of its diameter. The studied Si/InAs NWs are tapered; as a result, the Si segment presents a smaller diameter in the region next to the HJ than in the region far away from the HJ. These two diameter ranges are represented by the shadowed regions, showing how a small diameter variation can shift out the diameter resonance of the Si segment in this case.
